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Background: Cage subsidence frequently complicates lumbar fusion 
procedures, including lateral lumbar interbody fusion (LLIF), potentially leading 
to recurrent pain, impaired fusion, and accelerated degeneration of adjacent 
segments. A critical factor influencing cage subsidence is the selection of 
material. Polyetheretherketone (PEEK) and three-dimensional printed titanium 
(3D-Ti) cages are commonly used in LLIF procedures, each offering distinct 
advantages. However, these materials possess inherent property differences 
that may translate into divergent settling rates. To contribute to this discourse 
and offer insights, this systematic review and meta-analysis aims to compare the 
rates of cage subsidence between 3D-Ti and PEEK cages in LLIF.

Methods: A meticulous systematic search that employs distinct MeSH terms 
was conducted in major electronic databases (MEDLINE, PubMed, Embase, 
Scopus, Web of Science, and Cochrane) up to December 20, 2023. The quality 
of inclusion was measured using the Newcastle-Ottawa Scale (NOS) for non-
randomized trials. The primary outcome measure was cage subsidence, while 
the secondary outcome involved evaluating subsidence within each treatment 
segment using the Marchi classification.

Results: The review included 265 patients (441 segments) from three studies. All with 
NOS ratings exceeding 5 stars. In the analysis, 189 segments (42.9%) underwent LLIF 
with 3D-Ti cages, while 252 segments (57.1%) participated in LLIF with PEEK cages. 
Overall, the cage subsidence rate was significantly lower with 3D-Ti compared 
to PEEK (p < 0.00001, OR = 0.25; 95% CI 0.14 to 0.44). Specifically, the 3D-Ti 
group exhibited a markedly lower subsidence rate, categorized by grade I, II, and 
III, compared to the PEEK group (p < 0.05). Furthermore, the incidence of severe 
subsidence was significantly reduced in the 3D-Ti group compared to the PEEK 
group (p = 0.0004, OR = 0.17; 95% CI 0.07 to 0.46).

Conclusion: The study concludes that the subsidence rate associated with 3D-Ti 
cages in LLIF is notably lower than that observed with PEEK cages, underscoring 
the potential advantages of 3D-Ti cages in mitigating cage subsidence.
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1 Introduction

Lateral lumbar interbody fusion (LLIF) is a surgical procedure 
designed to address various spinal degenerative conditions by 
accessing the lumbar spine from a lateral or side approach (1, 2). This 
approach allows the insertion of an intervertebral fusion device into 
the disc space, promoting fusion between adjacent vertebrae (3). LLIF 
has gained popularity as a minimally invasive alternative to 
traditional posterior approaches, offering advantages such as reduced 
muscle dissection and decreased disruption of posterior spinal 
structures (4, 5).

A key advantage of LLIF is its ability to restore spinal alignment 
through the use of large interbody cages. The insertion of a large cage in 
LLIF can help restore the height of the intervertebral space, improve 
biomechanical strength, and promote interbody fusion (6). However, 
despite these benefits, the use of cages introduces specific challenges, most 
notably the risk of cage subsidence. The incidence of cage subsidence after 
LLIF has been reported to range from 3.3 to 39.6%, depending on factors 
such as the cage material, surgical approach (which contains the factor of 
cage’s design and size), and evaluation tools (7, 8). When cage subsidence 
occurs, it compromises the mechanical stability of the spine and places 
additional stress on neighboring segments, potentially accelerating their 
degeneration (9). This can lead to a cascade of clinical problems, including 
recurrent pain, neurological deficits, and the need for revision 
surgery (10).

The material composition of interbody cages plays a crucial role in 
determining the risk of subsidence and overall surgical outcomes. 
Common causes of subsidence include inadequate fixation with a nail 
bar system, inappropriate selection of the fusion device, endplate loss, 
and underlying patient factors such as osteoporosis (11–13). The choice 
of cage material, particularly between polyetheretherketone (PEEK) 
and three-dimensionally printed titanium (3D-Ti), is of particular 
interest in modern spine surgery (14). PEEK has a modulus of elasticity 
similar to cortical bone, minimizing stress shielding and encouraging 
more natural load distribution (15). In contrast, titanium offers greater 
initial stability but may lead to stress shielding due to its higher 
modulus of elasticity (16). In addition, 3D-Ti cages that the porous 
structure of the 3D-Ti cage also enables the cage to have an appropriate 
structural stiffness which strongly affects the possibility of subsidence. 
PEEK’s radiolucency enables clearer postoperative imaging, whereas 
titanium’s radiopacity can obscure imaging, complicating the 
assessment of fusion progress (17). However, 3D-Ti cages excel in 
promoting osseointegration due to their porous structure, which 
fosters bone growth and enhances the biological interface between the 
cage and the vertebrae (18). While PEEK is biocompatible, it does not 
inherently promote bone growth without additional coating with 
osteoconductive materials (19).

The aim of this paper is to systematically compare the subsidence 
rates of 3D-Ti and PEEK cages in LLIF procedures. By providing 
evidence-based insights, this study seeks to guide surgeons in selecting 
the most appropriate cage material for their patients, representing the 
first meta-analysis to compare these two materials specifically in the 
context of LLIF applications.

2 Methods and materials

2.1 Study strategy

Adhering rigorously to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines, 
we  performed a systematic and comprehensive search across 
prominent academic databases (20). This exhaustive search database 
included MEDLINE, PubMed, Embase, Scopus, Web of Science, and 
Cochrane. The overarching objective of this methodologically 
stringent inquiry was to undertake a comparative analysis of the 
incidence of cage subsidence following the utilization of 3D-Ti and 
PEEK cages in the context of LLIF. Conducted on December 20, 2023, 
the selected keywords, namely “lateral lumbar interbody fusion,” 
“direct lumbar interbody fusion,” “extreme lumbar interbody fusion,” 
“eXtreme lumbar interbody fusion,” “LLIF,” “XLIF,” “ELIF,” “DLIF,” 
“three-dimensional printed,” “3D-printed,” “porous,” “titanium,” 
“polyetheretherketone,” and “subsidence,” were thoughtfully curated 
to enable a thorough and targeted exploration of the extant literature 
on the subject.

To improve the completeness of the search strategy, a secondary 
review of the references cited in the selected articles was carried out 
to further improve the breadth and depth of the literature 
review (21).

2.2 Inclusion and exclusion criteria

2.2.1 Inclusion criteria
(1) Age greater than 18 years, a diagnosis of degenerative lumbar 

disease or adult spinal deformity, and undergoing treatment with LLIF 
surgery. (2) Studies explicitly comparing cage subsidence between 
3D-Ti and PEEK cages following LLIF. (3) Original research articles 
including randomized controlled trials (RCTs), cohort studies, and 
case–control studies. (4) Articles published in English.

2.2.2 Exclusion criteria
(1) Revision surgery, patients with indications of infection and 

tumor. (2) Reviews, letters, editorials, and meeting abstracts. (3) A 
study of patients who have undergone transforaminal lumbar 
interbody fusion or the use of common titanium cages. (4) Papers in 
languages other than English.

2.3 Data extraction

The responsibility for the meticulous screening of all articles derived 
from the systematic search was distributed among two designated 
authors. In instances where conflicts emerged during the screening 
process, a judicious resolution was sought through consultation with a 
third co-author (22). Discrepancies were systematically addressed 
through collaborative discussions aimed at achieving a consensus 
reflecting the collective expertise within the research team.

https://doi.org/10.3389/fmed.2024.1389533
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Liu et al. 10.3389/fmed.2024.1389533

Frontiers in Medicine 03 frontiersin.org

Throughout the screening process, due diligence was applied in the 
evaluation of titles and abstracts to determine their relevance to the 
parameters defined in the study. Instances where the information provided 
in the titles and abstracts was ambiguous or insufficient prompted a 
thorough review of the entire article. This rigorous methodological 
approach was deliberately employed to assess study eligibility in alignment 
with pre-established inclusion and exclusion criteria.

The primary outcome was the subsidence of the cage. The 
secondary outcome was the measurement of cage subsidence in each 
treatment segment using the Marchi grade classification. According 
to the Marchi et al. (23) grading classification, the categorization of 
cage subsidence is delineated as follows: Grade 0 denotes a 
postoperative disc height loss ranging from 0 to 24%; Grade I means 
a subsidence within the range of 25 to 49%; Grade II encompasses a 
subsidence extent of 50 to 74%; and Grade III designates a subsidence 
involving a 75 to 100% loss of postoperative disc height. Subsidence 
was classified as a binary outcome, differentiating between the 
absence of subsidence (Marchi grade 0) and the presence of 

subsidence (Marchi grades I, II, or III). Furthermore, severe 
subsidence was specifically defined by the presence of Grade II or III, 
highlighting instances of more pronounced reduction in disc height.

2.4 Quality assessment and publication bias

The evaluation of the methodological rigor of studies incorporated 
into this meta-analysis used the Newcastle-Ottawa Scale (NOS) for 
non-randomized studies (24). The NOS scale evaluates the quality of 
studies by assessing key parameters, including selection, comparability, 
and outcome. Studies that achieve or exceed a predetermined 
threshold of five “stars” are deemed to meet high-quality criteria based 
on the specified rating criteria. The credibility of the evidence was 
assessed using the Grading of Recommendations Assessment, 
Development and Evaluation (GRADE) evaluation method. This 
evaluation considers several factors, including the risk of publication 
bias, the precision of the results, and the magnitude of the effects of 

FIGURE 1

Flowchart of study selection for meta-analysis.
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TABLE 1 Characteristics of the included studies.

Study 
(Year)

Study 
Design

Country Group Gender 
(M/F)

Mean age 
(range), 

years

Operation 
level

Fused 
levels

BMI BMD Follow-
up

Adl 

Amini 

(2021) 

(25)

Retrospective USA

3D-Ti 27/11 59.5 ± 9.5

L1–2 (5); L2–3 

(11); L3–4 (20); 

L4–5 (31)

1 (21); 2 

(8); 3 or 

more (9)

26.3 ± 2.75
127.8 ± 17.85 

(mg/cm3)

12 months

PEEK 35/40 60 ± 9.5

L1–2 (2); L2–3 

(11); L3–4 (46); 

L4–5(60)

1 (36); 2 

(34); 3 or 

more (5)

27.2 ± 3.9
127.2 ± 31.7 

(mg/cm3)

Alan 

(2023) 

(26)

Retrospective USA

3D-Ti

NR

64 ± 9.2

NR

1 (56); 2 

(16); 3 

(16); 4 (9)
NR NR 12 months

PEEK 65 ± 7.9

1 (48); 2 

(22); 3 

(21); 4 (6)

Segi 

(2023) 

(27)

Retrospective Japan

3D-Ti 5/6 74.7 ± 6.3
L2–3 (5); L3–4 

(10); L4–5(10)

1 (1); 2 (6); 

3 (4)

NR

0.692 ± 0.088 

(g/cm2)

3 months

PEEK 5/16 73.8 ± 7.1

L1–2 (2); L2–3 

(14); L3–4 (13); 

L4–5(9)

1 (2); 2 

(10); 3 (8); 

4 (1)

0.693 ± 0.122 

(g/cm2)

3D-Ti, 3D-printed porous titanium; PEEK, polyetheretherketone; NR, not report; BMI, body mass index; BMD, bone mineral density.

treatment. The resulting quality of the evidence is then stratified into 
four hierarchical grades: high, moderate, low, and very low.

2.5 Statistical analysis

To synthesize the available evidence, we  conducted rigorous 
statistical meta-analyses using Review Manager 5.3 software. For 
continuous data, we calculated weighted mean differences (WMD) 
with 95% confidence intervals (CI). Dichotomous outcomes were 
expressed as odds ratios (OR) with the corresponding 95% 
CI. Heterogeneity was quantified using the I2 statistic, with a threshold 
of I2 ≥ 50% indicating substantial heterogeneity. In the absence of 
significant statistical heterogeneity (p > 0.1, I2 < 50%), we employed a 
fixed-effects model for pooling. However, in the presence of significant 
heterogeneity (p < 0.1, I2 ≥ 50%), we utilized a random-effects model. 
Statistical significance was established at p < 0.05.

To assess possible publication bias, we incorporated funnel plots 
into the analysis. These visual tools facilitated the detection of 
asymmetry, providing information on the possible influence of 
publication bias on the observed results.

3 Results

3.1 Search results and study characteristics

A comprehensive and systematic search of the literature yielded 
three studies (Figure 1) that met the predetermined inclusion criteria. 
In particular, all three studies included in this analysis adopted a 
retrospective design. Collectively, these studies encompassed a cohort 
of 265 patients (441 levels), with 189 levels assigned to the 3D-Ti 
group and 252 levels assigned to the PEEK group (25–27). 
Geographically, two studies originated in the United States, while the 
remaining one originated in Japan. The most operated segments were 

L4–5. An analysis of mean age revealed a value of 66.07 years in the 
3D-Ti group and 66.27 years in the PEEK group (Table 1).

Adl Amini et al. (25) employed a standalone LLIF approach in 
their investigation, while in the study by Alan et al. (26), approximately 
one third of the patients underwent posterior instrumentation in 
conjunction with LLIF, in addition to Segi et al. (27), further differed 
in their surgical approach, reporting the use of posterior 
instrumentation along with LLIF (Table 2).

Two papers contributed data related to the cage height. Upon 
comprehensive analysis, the results indicated a lack of statistically significant 
differences in cage height between the 3D-Ti cage group and the PEEK 
group (p = 0.69, WMD = 0.05; 95% CI: −0.19 to 0.29; Figure 2A).

3.2 Cage subsidence

Among the identified studies, three provided relevant data on the 
subsidence of the cage and were incorporated into the analysis 
(Figure 2B). Collectively, these studies encompassed a cohort of 265 
patients (441 levels) undergoing LLIF surgery. Statistical analysis 
revealed a significantly lower incidence of cage subsidence in the 
3D-Ti cage group compared to the PEEK cage group (p < 0.00001, 
OR = 0.25; 95% CI: 0.14 to 0.44). Specifically, the subsidence rate of 
the cage (Marchi grades I, II, and III) in the 3D-Ti group was 8.47%, 
while the PEEK group exhibited a subsidence rate of 27.78%.

3.3 Marchi grade classification

Among the identified studies, three provided data relevant to 
the subsidence of grade I cages, as defined by the Marchi grade 
classification (Grade 0 denotes a postoperative disc height loss 
ranging from 0 to 24%; Grade I means a subsidence within the 
range of 25 to 49%; Grade II encompasses a subsidence extent of 
50 to 74%; and Grade III designates a subsidence involving a 75 to 
100% loss of postoperative disc height), and were incorporated 
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into a comprehensive analysis (Figure  3A). These studies 
collectively covered a cohort of 265 patients (441 levels) who 
underwent LLIF surgery. Statistical analysis revealed a significantly 
lower incidence of grade I cage subsidence in the 3D-Ti cage group 
compared to the PEEK group (p = 0.009, OR = 0.39; 95% CI: 0.20 
to 0.79). In particular, the grade I cage subsidence rate in the 3D-Ti 
group was 5.82%, while the PEEK group exhibited a rate of 14.29%.

Among the identified studies, three provided data (265 patients 
[441 levels]) relevant to grade II cage subsidence, as defined by the 
Marchi classification, and were incorporated into a comprehensive 
analysis (Figure 3B). Statistical analysis revealed a significantly lower 
incidence of grade II cage subsidence in the 3D-Ti cage group 
compared to the PEEK group (p = 0.005, OR = 0.17; 95% CI: 0.05 to 
0.59). In particular, the grade II cage subsidence rate in the 3D-Ti 
group was 1.59%, while the PEEK group exhibited a rate of 8.73%.

Among the identified studies, three provided data (265 patients 
[441 levels]) relevant to grade III cage subsidence, as defined by the 
Marchi classification, and were incorporated into a comprehensive 

analysis (Figure 3C). Statistical analysis revealed a significantly lower 
incidence of grade III cage subsidence in the 3D-Ti cage group 
compared to the PEEK group (p = 0.05, OR = 0.22; 95% CI: 0.05 to 
0.99). In particular, the severe cage subsidence rate in the 3D-Ti group 
was 1.06%, while the PEEK group exhibited a rate of 4.76%.

The analysis was carried out based on the severe cage subsidence 
defined by the Marchi classification (grades II and III), as shown in 
Figure 3D. Statistical analysis revealed a significantly lower incidence 
of severe cage subsidence in the 3D-Ti cage group compared to the 
PEEK group (p = 0.0004, OR = 0.17; 95% CI: 0.07 to 0.46). In 
particular, the severe cage subsidence rate in the 3D-Ti group was 
2.64%, while the PEEK group exhibited a rate of 13.49%.

3.4 Quality analysis and publication bias

The robustness of the synthesized evidence was bolstered by the 
high quality of included studies. As shown in Table  3, all studies 

TABLE 2 Related data on characteristics of the cages.

Study (Year) Group Model (manufacturer) Posterior instrumentation Cage filling material

Adl Amini (2021) 

(25)

3D-Ti
Modulus XLIF (NuVasive); Lateral Spine 

Truss System (4WEB Medical)
NR

Either recombinant human bone 

morphogenetic protein-2 (rhBMP2), 

demineralized allograft fibers or bothPEEK Cougar (DePuy Synthes); XLIF (NuVasive) NR

Alan (2023) (26)
3D-Ti

NR
33/97

Demineralized bone matrix
PEEK 32/97

Segi (2023) (27)
3D-Ti Modulus XLIF (NuVasive) All cases Custom-made hydroxyapatite mass

PEEK sPEEK (NuVasive) All cases Grafting bone

3D-Ti, 3D-printed porous titanium; PEEK, polyetheretherketone; NR, not report.

FIGURE 2

(A) Forest plot comparing cage height in LLIF between 3D-Ti group and PEEK group; (B) Forest plot comparing cage subsidence in LLIF between 3D-Ti 
group and PEEK group. LLIF, lumbar lateral interbody fusion, 3D-Ti, 3D-printed porous titanium, PEEK, polyetheretherketone.
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FIGURE 3

(A) Forest plot of 3D-Ti group compared with PEEK group in terms of Marchi Grade I subsidence in LLIF; (B) Forest plot of 3D-Ti group compared with 
PEEK group in terms of Marchi Grade II subsidence in LLIF. (C) Forest plot of 3D-Ti group compared with PEEK group in terms of Marchi Grade III 
subsidence in LLIF. (D) Forest plot of 3D-Ti group compared with PEEK group in terms of severe subsidence in LLIF. LLIF, lumbar lateral interbody 
fusion, 3D-Ti, 3D-printed porous titanium, PEEK, polyetheretherketone.

exceeded predetermined quality thresholds, evidenced by NOS scores 
of 5 or more stars. This underscores the reliability of the findings 
reported in this meta-analysis.

Further investigation of possible publication bias, particularly 
related to general comorbidity, was conducted by visual inspection of 
a funnel plot (Figure 4). The observed symmetrical distribution within 
the plot suggests a low risk of publication bias influencing the results.

Finally, the GRADE method was used in Table 4 to systematically 
assess confidence in the overall findings.

4 Discussion

To our knowledge, this study is the first to compare the subsidence 
rates of 3D-Ti cages and PEEK cages after LLIF. Our results found a 
statistically significant reduction in the overall subsidence rate of 
3D-Ti cages compared to PEEK cages in LLIF. According to the 
Marchi grading, severe subsidence is also rarer in 3D-Ti groups than 
in PEEK groups after LLIF. Previous studies have compared titanium 
and PEEK cages after cervical and lumbar fusion, but their results have 
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varied considerably. A meta-analysis (28) (included five studies) found 
that titanium cages had significantly higher subsidence rates compared 
to PEEK cages after cervical and lumbar fusion surgery (OR 3.59, 
p = 0.015). However, in a recent meta-analysis published by Tan et al. 
(29) in 2021 (included seven studies), it was found that after the 
cervical and lumbar fusion procedure, patients implanted with 
titanium cages (n = 259) exhibited a higher rate of cage subsidence 
(RR 2.17, p = 0.02) compared to those implanted with PEEK cages 
(n = 231). However, the specific surgical procedures for fusion were 
not explicitly detailed in the literature. Furthermore, another meta-
analysis (30) (included four studies) found that the range of subsidence 
rates after cervical and lumbar fusion was 0–36% in the titanium 
group and 0–31% in the PEEK group, without statistically significant 
differences in their subsidence rates (OR 0.91, p = 0.71).

LLIF is a minimally invasive surgical procedure designed to treat 
a variety of spinal conditions, including degenerative disc disease, 
spondylolisthesis, and adult scoliosis (1). This procedure stabilizes 
the affected spinal segment by inserting a large interbody cage 
through a lateral approach into the disc space. Compared to the 
traditional posterior approach, LLIF reduces damage to the posterior 
tissues, thereby facilitating a faster recovery time (3). However, LLIF 
is indicated primarily for the treatment of patients with degenerative 
lumbar spine disease, who often experience a high incidence of 
subsidence of fusion due to advanced age and underlying conditions 
such as osteoporosis and endplate inflammation (25). The subsidence 
of the cage alters the mechanical stability of the spine, which can 
lead to recurrent pain, neurological deficits, impaired fusion, the 
need for revision surgery, and accelerated degeneration of adjacent 
segments (31). Consequently, subsidence is a significant 
complication after LLIF. Cage subsidence is operationally defined as 
the displacement of the implant within the upper and lower 
endplates of adjacent vertebrae (32). Although the occurrence of 
subsidence after interbody fusion is prevalent in lumbar spine 
surgeries, a consensus on its etiology and clinical significance 
remains elusive. In particular, a certain degree of subsidence can 
be clinically asymptomatic; however, excessive subsidence poses the 
risk of mechanical failure within the anterior lumbar column, 
resulting in bone failure, loss of height in the intervertebral, and 
sagittal imbalance (33). To systematically analyze cage subsidence, 
we employed the Marchi grading system, stratifying it into I, II, and 
III grading. Our findings reveal a noteworthy observation: the 3D-Ti 
group exhibited a significantly lower subsidence rate across all 
classified levels compared to the PEEK group. In response to the 
problem of cage subsidence that occurs during lumbar interbody 
fusion surgery, several possible explanations are provided below. 
First, the inherent challenge arises from excessive intervertebral 
pressure and localized stress concentration, stemming from the need 
to support the intervertebral space adequately during the placement 
of the PEEK cage. This necessity often results in the selection of a 
cage height that exceeds the intervertebral space, leading to 
increased intervertebral pressure. Furthermore, mismatches between 
the ends of the PEEK cage and the upper and lower endplates of the 
vertebral body contribute to a decrease in contact area and a 
subsequent stress concentration. A contrasting approach is 
exemplified by the 3D-Ti cage, which allows for individualized 
customization. This personalized shaping conforms more closely to 
the diseased intervertebral space, effectively mitigating intervertebral 
pressure, minimizing stress concentration, and consequently T
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FIGURE 4

Funnel plot of publication bias for cage subsidence.

reducing the likelihood of cage subsidence. In addition, PEEK cage 
implementations incorporate serrated structures embedded in the 
bone surface to prevent fusion displacement. However, this approach 
introduces a degree of damage to the vertebral endplates, increasing 
the susceptibility to cage subsidence (32). Conversely, the roughened 
surface of the 3D-Ti cage serves to enhance friction between the 
fusion device and the endplate, thereby impeding cage subsidence 
(34). Furthermore, the 3D-Ti cage introduces an innovative porous 
structure, strategically designed to align its elastic modulus more 
closely with that of the human vertebral body. This design feature 
effectively diminishes the effect of stress masking on the contact 
surface between the fusion device and the vertebral body, 
decelerating the loss of vertebral bone volume and, consequently, 

mitigating the subsidence of the vertebral body. The incorporation 
of a porous structure represents a creative solution to enhance 
biomechanical compatibility and prevent undesirable outcomes 
associated with interbody fusion procedures (35).

The clinical implications of our findings suggest that the 
reduced subsidence rate associated with 3D-Ti cages implies better 
mechanical stability post-surgery, leading to fewer complications 
and potentially fewer revision surgeries. The stability provided by 
3D-Ti cages improves the conditions for successful spinal fusion, 
with better osseointegration that promotes robust and faster 
fusion processes. Patients with 3D-Ti cages are likely to experience 
fewer recurrent pain and neurological deficits, resulting in better 
overall outcomes and smoother postoperative recovery. They are 

TABLE 4 A credibility assessment according to the GRADE scoring system.

Outcome No. of 
participants 

(studies)

Quality of the 
evidence 
(GRADE)

Comments and overall results

Cage subsidence (Marchi 

Grade I, II and III)#
265 (3) Moderate

Statistical analysis revealed a significantly lower incidence of cage subsidence in the 

3D-Ti cage group compared to the PEEK cage group (p < 0.00001)

Marchi Grade I# 265 (3) Moderate
Statistical analysis revealed a significantly lower incidence of grade I cage subsidence in 

the 3D-Ti cage group compared to the PEEK group (p = 0.009)

Marchi Grade II# 265 (3) Moderate
Statistical analysis revealed a significantly lower incidence of grade II cage subsidence in 

the 3D-Ti cage group compared to the PEEK group (p = 0.005)

Marchi Grade III# 265 (3) Moderate
Statistical analysis revealed a significantly lower incidence of grade III cage subsidence 

in the 3D-Ti cage group compared to the PEEK group (p = 0.05)

Severe cage subsidence 

(Marchi Grade II and III)#
265 (3) Moderate

Statistical analysis revealed a significantly lower incidence of severe cage subsidence in 

the 3D-Ti cage group compared to the PEEK group (p = 0.0004)

3D-Ti, 3D-printed porous titanium; PEEK, polyetheretherketone. #, Marchi Grade I indicates a subsidence within the range of 25 to 49% of postoperative disc height; Grade II corresponds to a 
subsidence extent of 50 to 74%; and Grade III designates a subsidence involving a 75 to 100% loss of postoperative disc height.
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also expected to have improved long-term spinal stability and 
alignment, reducing the progression of adjacent segment 
degeneration and improving overall spinal health, satisfaction, and 
quality of life. Given these findings, 3D-Ti cages may be preferred 
over PEEK cages, especially for patients at higher risk of 
subsidence due to factors such as osteoporosis or poor bone 
quality. Surgeons may consider patient-specific factors such as age, 
bone density, and activity level when selecting cage materials, with 
older patients or those with compromised bone quality potentially 
benefiting more from 3D-Ti cages. Surgeons might also 
incorporate the likelihood of subsidence into their preoperative 
planning and postoperative monitoring protocols, focusing on 
fusion progression.

4.1 Strength and limitations

This meta-analysis adheres to the guidelines established by the 
PRISMA and represents the inaugural scholarly effort in this 
domain, systematically comparing the subsidence rates of 3D-Ti and 
PEEK cages in LLIF through a meticulous exploration of the existing 
literature. However, certain limitations merit consideration. First, 
the incorporated studies exhibited a modest sample size, with a 
notable absence of prospective and RCT designs. Second, the 
omission of key factors, such as smoking, osteoporosis, bone mineral 
density, and differ in the use of posterior instrumentation in some 
studies detracts from the comprehensive evaluation of pertinent 
variables. Third, the absence of reporting on the specifics regarding 
the type and size of intervertebral cages utilized in certain studies 
introduces ambiguity. Fourth, Lastly, the paucity of various 
outcomes, including clinical measurements, fusion rates, and other 
pertinent metrics, represents a notable gap in the comprehensive 
assessment of the LLIF outcomes.

5 Conclusion

This study is the first to compare the subsidence rates of 3D-Ti 
cages and PEEK cages after LLIF. Our results demonstrate a statistically 
significant reduction in the overall subsidence rate of 3D-Ti cages 
compared to PEEK cages in LLIF. According to the Marchi grading, 
severe subsidence is also rarer in the 3D-Ti group than in the PEEK 
group after LLIF.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

S-XL: Investigation, Writing – review & editing. T-HZ: Funding 
acquisition, Formal analysis, Writing – review & editing. C-MC: 
Supervision, Validation, Writing – review & editing. L-RH: Software, 
Writing – original draft. A-PF: Methodology, Writing – review & 
editing. S-WJ: Resources, Writing – review & editing. G-XL: 
Conceptualization, Software, Writing – original draft.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was funded by the “Xiamen Health System Discipline Leaders and 
their Backup Candidates, Senior Management Talent Training 
Candidates Training Program (2021)”; funded by Xiamen Municipal 
Bureau of Science and Technology (3502Z20224033), supported by 
Shenzhen Key Medical Discipline Construction Fund (SZXK022). The 
funder had no role in the design of the study or collection, analysis, or 
interpretation of data or in writing the manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References

 1. Rabau O, Navarro-Ramirez R, Aziz M, Teles A, Mengxiao Ge S, Quillo-Olvera J, 
et al. Lateral Lumbar Interbody Fusion (LLIF): an update. Global Spine J. (2020) 10:17S–
21S. doi: 10.1177/2192568220910707

 2. Jacob KC, Patel MR, Ribot MA, Prabhu MC, Pawlowski H, Vanjani NN, et al. 
Single-level TLIF versus LLIF at L4–5: a comparison of patient-reported outcomes and 
recovery ratios. J Am  Acad Orthop Surg. (2022) 30:e495–505. doi: 10.5435/
JAAOS-D-21-00772

 3. Mobbs RJ, Phan K, Malham G, Seex K, Rao PJ. Lumbar interbody fusion: 
techniques, indications and comparison of interbody fusion options including PLIF, 
TLIF, MI-TLIF, OLIF/ATP, LLIF and ALIF. J Spine Surg. (2015) 1:2–18. doi: 10.3978/j.
issn.2414-469X.2015.10.05

 4. Epstein NE, Agulnick MA. Perspective; high frequency of intraoperative errors due 
to extreme, oblique, and lateral lumbar interbody fusions (XLIF, OLIF, LLIF): are they 
"safe"? Surg Neurol Int. (2023) 14:346. doi: 10.25259/SNI_691_2023

 5. Xu DS, Walker CT, Godzik J, Turner JD, Smith W, Uribe JS. Minimally invasive 
anterior, lateral, and oblique lumbar interbody fusion: a literature review. Ann Transl 
Med. (2018) 6:104. doi: 10.21037/atm.2018.03.24

 6. Hiyama A, Sakai D, Katoh H, Sato M, Watanabe M. Impact of osteoporosis on 
short-term surgical outcomes in lumbar degenerative disease patients undergoing lateral 
lumbar interbody fusion: a retrospective analysis. World Neurosurg. (2024) 188:e424–33. 
doi: 10.1016/j.wneu.2024.05.130

 7. Yuan W, Kaliya-Perumal AK, Chou SM, Oh JY. Does lumbar interbody cage size 
influence subsidence? A biomechanical study. Spine (Phila Pa 1976). (2020) 45:88–95. 
doi: 10.1097/BRS.0000000000003194

 8. Parisien A, Wai EK, ElSayed MSA, Frei H. Subsidence of spinal fusion 
cages: a systematic review. Int J Spine Surg. (2022) 16:1103–18. doi: 10.14444/8363

 9. Aguirre AO, Soliman MAR, Kuo CC, Kassay A, Parmar G, Kruk MD, et al. 
Defining cage subsidence in anterior, oblique, and lateral lumbar spine fusion 

https://doi.org/10.3389/fmed.2024.1389533
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1177/2192568220910707
https://doi.org/10.5435/JAAOS-D-21-00772
https://doi.org/10.5435/JAAOS-D-21-00772
https://doi.org/10.3978/j.issn.2414-469X.2015.10.05
https://doi.org/10.3978/j.issn.2414-469X.2015.10.05
https://doi.org/10.25259/SNI_691_2023
https://doi.org/10.21037/atm.2018.03.24
https://doi.org/10.1016/j.wneu.2024.05.130
https://doi.org/10.1097/BRS.0000000000003194
https://doi.org/10.14444/8363


Liu et al. 10.3389/fmed.2024.1389533

Frontiers in Medicine 10 frontiersin.org

approaches: a systematic review of the literature. Neurosurg Rev. (2024) 47:332.  
doi: 10.1007/s10143-024-02551-5

 10. Godolias P, Tataryn ZL, Plumer J, Cibura C, Freyvert Y, Heep H, et al. Cage 
subsidence-a multifactorial matter! Orthopadie (Heidelb). (2023) 52:662–9. doi: 10.1007/
s00132-023-04363-9

 11. Jones C, Okano I, Salzmann SN, Reisener MJ, Chiapparelli E, Shue J, et al. Endplate 
volumetric bone mineral density is a predictor for cage subsidence following lateral 
lumbar interbody fusion: a risk factor analysis. Spine J. (2021) 21:1729–37. doi: 10.1016/j.
spinee.2021.02.021

 12. Zhang Y, Nuesch C, Mundermann A, Halbeisen F, Scharen S, Netzer C. Is age a 
risk factor for early postoperative cage subsidence after Transforaminal lumbar 
interbody fusion? A retrospective study in 170 patients. Global Spine J. 
(2023):21925682231217692. doi: 10.1177/21925682231217692

 13. Dhar UK, Menzer EL, Lin M, Hagerty V, O'Connor T, Tsai CT, et al. Factors 
influencing cage subsidence in anterior cervical corpectomy and discectomy: a 
systematic review. Eur Spine J. (2023) 32:957–68. doi: 10.1007/s00586-023-07530-w

 14. Chahlavi A. Reduced subsidence with PEEK-titanium composite versus 3D titanium 
cages in a retrospective, self-controlled study in Transforaminal lumbar interbody fusion. 
Global Spine J. (2024):21925682241253168. doi: 10.1177/21925682241253168

 15. Laratta JL, Vivace BJ, Lopez-Pena M, Guzon FM, Gonzalez-Cantalpeidra A, Jorge-
Mora A, et al. 3D-printed titanium cages without bone graft outperform PEEK cages 
with autograft in an animal model. Spine J. (2022) 22:1016–27. doi: 10.1016/j.
spinee.2021.12.004

 16. Wei X, Zhou W, Tang Z, Wu H, Liu Y, Dong H, et al. Magnesium surface-activated 
3D printed porous PEEK scaffolds for in  vivo osseointegration by promoting 
angiogenesis and osteogenesis. Bioact Mater. (2023) 20:16–28. doi: 10.1016/j.
bioactmat.2022.05.011

 17. Van Horn MR, Beard R, Wang W, Cunningham BW, Mullinix KP, Allall M, et al. 
Comparison of 3D-printed titanium-alloy, standard titanium-alloy, and PEEK interbody 
spacers in an ovine model. Spine J. (2021) 21:2097–103. doi: 10.1016/j.spinee.2021.05.018

 18. Li L, Gao H, Wang C, Ji P, Huang Y, Wang C. Assessment of customized alveolar 
bone augmentation using titanium scaffolds vs Polyetheretherketone (PEEK) scaffolds: 
a comparative study based on 3D printing technology. ACS Biomater Sci Eng. (2022) 
8:2028–39. doi: 10.1021/acsbiomaterials.2c00060

 19. Corso KA, Kothari P, Corrado K, Michielli A, Ruppenkamp J, Bowden D. Early 
revision events among patients with a three dimensional (3D) printed cellular titanium 
or PEEK (polyetheretherketone) spinal cage for single-level lumbar spinal fusion. Expert 
Rev Med Devices. (2022) 19:195–201. doi: 10.1080/17434440.2022.2020637

 20. Lin GX, Yao ZK, Zhang X, Chen CM, Rui G, Hu BS. Evaluation of the outcomes 
of Biportal endoscopic lumbar interbody fusion compared with conventional fusion 
operations: a systematic review and Meta-analysis. World Neurosurg. (2022) 160:55–66. 
doi: 10.1016/j.wneu.2022.01.071

 21. Lin GX, Chen CM, Zhu MT, Zheng L. The safety and effectiveness of tranexamic 
acid in lumbar interbody fusion surgery: an updated Meta-analysis of randomized 
controlled trials. World Neurosurg. (2022) 166:198–211. doi: 10.1016/j.wneu.2022.07.139

 22. Lin GX, Jhang SW, Chen CM. An effectiveness evaluation of Nucleo-Annuloplasty 
for lumbar Discogenic lesions using disc-FX: a scoping review. Medicina (Kaunas). 
(2023) 59:1291. doi: 10.3390/medicina59071291

 23. Marchi L, Abdala N, Oliveira L, Amaral R, Coutinho E, Pimenta L. Radiographic 
and clinical evaluation of cage subsidence after stand-alone lateral interbody fusion. J 
Neurosurg Spine. (2013) 19:110–8. doi: 10.3171/2013.4.SPINE12319

 24. Lin GX, Kim JS, Kotheeranurak V, Chen CM, Hu BS, Rui G. Does the application 
of expandable cages in TLIF provide improved clinical and radiological results compared 
to static cages? A meta-analysis. Front Surg. (2022) 9:949938. doi: 10.3389/
fsurg.2022.949938

 25. Adl Amini D, Okano I, Oezel L, Zhu J, Chiapparelli E, Shue J, et al. Evaluation of 
cage subsidence in standalone lateral lumbar interbody fusion: novel 3D-printed 
titanium versus polyetheretherketone (PEEK) cage. Eur Spine J. (2021) 30:2377–84. doi: 
10.1007/s00586-021-06912-2

 26. Alan N, Deng H, Muthiah N, Vodovotz L, Dembinski R, Guha D, et al. Graft 
subsidence and reoperation after lateral lumbar interbody fusion: a propensity score-
matched and cost analysis of polyetheretherketone versus 3D-printed porous titanium 
interbodies. J Neurosurg Spine. (2023) 39:187–95. doi: 10.3171/2023.4.SPINE22492

 27. Segi N, Nakashima H, Shinjo R, Kagami Y, Machino M, Ito S, et al. Vertebral 
endplate concavity in lateral lumbar interbody fusion: tapered 3D-printed porous 
titanium cage versus squared PEEK cage. Medicina (Kaunas). (2023) 59:372. doi: 
10.3390/medicina59020372

 28. Seaman S, Kerezoudis P, Bydon M, Torner JC, Hitchon PW. Titanium vs. 
polyetheretherketone (PEEK) interbody fusion: meta-analysis and review of the 
literature. J Clin Neurosci. (2017) 44:23–9. doi: 10.1016/j.jocn.2017.06.062

 29. Tan JH, Cheong CK, Hey HWD. Titanium (Ti) cages may be  superior to 
polyetheretherketone (PEEK) cages in lumbar interbody fusion: a systematic review and 
meta-analysis of clinical and radiological outcomes of spinal interbody fusions using Ti 
versus PEEK cages. Eur Spine J. (2021) 30:1285–95. doi: 10.1007/s00586-021-06748-w

 30. Massaad E, Fatima N, Kiapour A, Hadzipasic M, Shankar GM, Shin JH. 
Polyetheretherketone versus titanium cages for posterior lumbar interbody fusion: 
Meta-analysis and review of the literature. Neurospine. (2020) 17:125–35. doi: 10.14245/
ns.2040058.029

 31. Alan N, Vodovotz L, Muthiah N, Deng H, Guha D, Agarwal N, et al. Subsidence after 
lateral lumbar interbody fusion using a 3D-printed porous titanium interbody cage: single-
institution case series. J Neurosurg Spine. (2022) 37:663–9. doi: 10.3171/2022.4.SPINE2245

 32. Kotheeranurak V, Jitpakdee K, Lin GX, Mahatthanatrakul A, Singhatanadgige W, 
Limthongkul W, et al. Subsidence of interbody cage following oblique lateral interbody 
fusion: an analysis and potential risk factors. Global Spine J. (2023) 13:1981–91. doi: 
10.1177/21925682211067210

 33. Macki M, Anand SK, Surapaneni A, Park P, Chang V. Subsidence rates after lateral 
lumbar interbody fusion: a systematic review. World Neurosurg. (2019) 122:599–606. 
doi: 10.1016/j.wneu.2018.11.121

 34. Yang JJ, Kim DM, Park S. Comparison of fusion, subsidence, and clinical results 
between 3D-printed porous titanium cage and Polyetheretherketone cage in posterior 
lumbar interbody fusion: a minimum of 2 years follow-up. World Neurosurg. (2023) 
177:e732–41. doi: 10.1016/j.wneu.2023.06.132

 35. Fogel G, Martin N, Lynch K, Pelletier MH, Wills D, Wang T, et al. Subsidence and 
fusion performance of a 3D-printed porous interbody cage with stress-optimized body 
lattice and microporous endplates – a comprehensive mechanical and biological 
analysis. Spine J. (2022) 22:1028–37. doi: 10.1016/j.spinee.2022.01.003

https://doi.org/10.3389/fmed.2024.1389533
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s10143-024-02551-5
https://doi.org/10.1007/s00132-023-04363-9
https://doi.org/10.1007/s00132-023-04363-9
https://doi.org/10.1016/j.spinee.2021.02.021
https://doi.org/10.1016/j.spinee.2021.02.021
https://doi.org/10.1177/21925682231217692
https://doi.org/10.1007/s00586-023-07530-w
https://doi.org/10.1177/21925682241253168
https://doi.org/10.1016/j.spinee.2021.12.004
https://doi.org/10.1016/j.spinee.2021.12.004
https://doi.org/10.1016/j.bioactmat.2022.05.011
https://doi.org/10.1016/j.bioactmat.2022.05.011
https://doi.org/10.1016/j.spinee.2021.05.018
https://doi.org/10.1021/acsbiomaterials.2c00060
https://doi.org/10.1080/17434440.2022.2020637
https://doi.org/10.1016/j.wneu.2022.01.071
https://doi.org/10.1016/j.wneu.2022.07.139
https://doi.org/10.3390/medicina59071291
https://doi.org/10.3171/2013.4.SPINE12319
https://doi.org/10.3389/fsurg.2022.949938
https://doi.org/10.3389/fsurg.2022.949938
https://doi.org/10.1007/s00586-021-06912-2
https://doi.org/10.3171/2023.4.SPINE22492
https://doi.org/10.3390/medicina59020372
https://doi.org/10.1016/j.jocn.2017.06.062
https://doi.org/10.1007/s00586-021-06748-w
https://doi.org/10.14245/ns.2040058.029
https://doi.org/10.14245/ns.2040058.029
https://doi.org/10.3171/2022.4.SPINE2245
https://doi.org/10.1177/21925682211067210
https://doi.org/10.1016/j.wneu.2018.11.121
https://doi.org/10.1016/j.wneu.2023.06.132
https://doi.org/10.1016/j.spinee.2022.01.003

	3D-printed porous titanium versus polyetheretherketone cages in lateral lumbar interbody fusion: a systematic review and meta-analysis of subsidence
	1 Introduction
	2 Methods and materials
	2.1 Study strategy
	2.2 Inclusion and exclusion criteria
	2.2.1 Inclusion criteria
	2.2.2 Exclusion criteria
	2.3 Data extraction
	2.4 Quality assessment and publication bias
	2.5 Statistical analysis

	3 Results
	3.1 Search results and study characteristics
	3.2 Cage subsidence
	3.3 Marchi grade classification
	3.4 Quality analysis and publication bias

	4 Discussion
	4.1 Strength and limitations

	5 Conclusion

	References

